Traumatic spinal cord injury causes an inflammatory reaction involving blood-derived macrophages and central nervous system (CNS)-resident microglia. Intra-vital two-photon microscopy enables the study of macrophages and microglia in the spinal cord lesion in the living animal. This can be performed in adult animals with a traumatic injury to the dorsal column. Here, we describe methods for distinguishing macrophages from microglia in the CNS using an irradiation bone marrow chimera to obtain animals in which only macrophages or microglia are labeled with a genetically encoded green fluorescent protein. We also describe a injury model that crushes the dorsal column of the spinal cord, thereby producing a simple, easily accessible, rectangular lesion that is easily visualized in an animal through a laminectomy. Furthermore, we will outline procedures to sequentially image the animals at the anatomical site of injury for the study of cellular interactions during the first few days to weeks after injury.
Introduction
The inflammatory reaction to disease or injury in the central nervous system (CNS) is poorly understood, especially with regards to the interactions among immune and resident cells within the tissue. Investigations of these cellular interactions in the spinal cord are of particular interest in the living animal. The only easily accessible CNS white matter tract is in the dorsal columns of the spinal cord, making this an important area on which to focus efforts on improving feasible experimental approach. These investigations have been limited due to the technical difficulty in accessing and stabilizing the CNS for imaging. Live imaging in the spinal cord has been described previously [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] , however, few studies have addressed cellular movement in a spinal cord injury beyond a few hours after the initial insult. The traumatic spinal cord lesion is a complex environment, with neurons, astrocytes, fibroblasts, NG2 progenitor cells, and immune cells including microglia, neutrophils, macrophages, T cells, B cells and dendritic cells 14, 15 . Macrophages are the subset of immune cells responsible for phagocytosis in the lesion, infiltrating from the circulation. The role of these phagocytic cells has been debated, with reports indicating that these cells can take on both damaging and protective roles in the injured tissue. These roles range from increasing secondary axonal dieback after an injury and acting in a phagocytic manner [16] [17] [18] [19] [20] [21] [22] , to taking on a wound healing phenotype and decreasing functional deficits in the injured animal 21, 23, 24 .
Previously, attempts to distinguish macrophages from microglia have relied primarily on morphology in healthy tissue. However, activated microglia and macrophages express many of the same markers and display indistinguishable morphology after injury [25] [26] [27] [28] [29] , making the separation of different activities of these cells difficult to study based on these factors alone 30 . These cells can be separated by differential expression of CD45 using flow cytometry 33, 34 , although this approach is less useful in discriminating these cell types in vivo. Utilizing differential expression of CCR2 and CX3CR1 in microglia and macrophages has also been explored, although the dynamic changes in the expression of these markers as monocytes differentiate into macrophages can complicate accurate analysis 35, 36 . Microglia are the resident immune cells in the CNS and arise from yolk sac progenitors during fetal development, while macrophages are derived from bone marrow progenitors and enter the injured CNS after an insult 31, 32 . An alternative approach to using morphology to distinguish these two cell types is to replace the bone marrow with progenitors from a donor animal expressing a traceable marker in the macrophages derived from the donor progenitors, while preserving the CNS resident, recipient-derived microglia. These bone marrow chimeric models are commonly utilized in many other applications 2. Prepare medications to administer to the mice for pain control. Bupernex and Marcaine are commonly used for pain control. Use appropriate medications as required and approved by the Institutional Animal Care and Use Committee (IACUC). 3. Induce anesthesia with 4% isoflurane and maintain with 1-2% isoflurane to achieve a breathing rate of 60-100 breaths per min. Apply eye lubricant to the animal's eyes to prevent dryness under anesthesia and confirm lack of response by foot pinch. Maintain the temperature using a heating pad and monitor the temperature using a rectal probe. 4. Shave the back of the mouse with an electric shaver over the targeted spinal cord level, and then swab the area three times with povidoneiodine followed by twice with 70% alcohol. Place the animal on a sterile drape, and cover the animal with another sterile drape with a hole cut in an appropriate location to visualize the surgical site. Maintain all tools on sterile drapes throughout the surgery. 5. Cut the skin along the midline at the desired spinal level with iris scissors to expose the muscle on the back of the animal. 6. Under a dissecting microscope, cut the back muscles, including the trapezius and the ligaments of the latissimus dorsi along the midline where they attach to the dorsal spinal processes, and expose the vertebral column. 7. Remove the rotator muscles between the dorsal and transverse processes of the vertebra to reveal the lamina of the specific vertebra to be removed (T11 in this case). Identify T11 by the insertion of the last non-floating rib onto this process. 8. Insert tips of rongeurs into the space above and below the process to be removed and lift slightly to make sure they are securely in place around the vertebral lamina but not too deep to injure the spine. Close rongeurs in one movement to remove the lamina. 9. Enlarge the laminectomy as needed by using the rongeurs to remove small parts of the remaining vertebra. 10. Measure 1 mm from the tips of a #4 forceps by holding them against a ruler and marking with a permanent marker. Measure a 1 mm in separation between the two tines by holding the forceps against the ruler and fix the maximum width of the tips to 1 mm by sliding a rubber forceps ring into place over the shaft of the forceps. 11. Create a small hole by inserting a 30 gauge needle through the dura at the two insertion points for the tines of the forceps to access the spinal cord. 12. Insert the forceps tines at a 90° angle to the dura through the holes to the depth of 1 mm marked on the sides of the forceps, making sure the mark is above the dura. Pinch close the forceps and hold for 10 sec. Release, and repeat forceps squeeze two more times for a total of three holds. Remove forceps from the spinal cord. 13. Soak a piece of absorbable gelatin compressed sponge in saline and place over the injury site. 14. Using a running stitch, suture the muscle in place over the laminectomy and soaked gelatin sponge with #4 synthetic non-absorbable nylon sutures. 15. Clip the skin in place using 5 mm wound clips. 16. Inject 10 µl Marcaine (1.0 mg/kg) in 490 µl of saline subcutaneously around the incision site and 5 µl Bupernex (0.1 mg/kg) intramuscularly into the gluteus muscles. 17. Allow animal to recover on a warm pad and monitor for any difficulties in movement or signs of paralysis in the hind limbs. Do not leave animal unattended or in the presence of other animals until fully recovered from anesthesia. Do not use any animals that display observable motor deficits. NOTE: Although this crush lesion can be performed at any level along the spinal cord, practically, T10-L4 pose fewer technical challenges for imaging with respect to breathing and stabilizing body movement using clamps. Clamp placement must be modified around the rib cage to image at thoracic levels.
Intravital Imaging
1. Prepare and autoclave surgical tools, including Dumont #4 forceps, iris scissors, forceps for holding tissue, needle drivers and wound clips. 2. Anesthetize the mouse as before with isoflurane. Induce anesthesia at 4-5% and maintain at 1-2% as needed to maintain a breath rate of 60-100 breaths per minute and a lack of response to foot pinch. Keep the mouse heated, monitor breath rate when not imaging and continuously monitor animal temperature with a rectal probe. 3. Clean the skin around the wound clips with Betadine and then alcohol and remove the wound clips according to manufacturer instructions.
Once wound clips are removed, remove hair with Nair if needed and clean the site again with povidone-iodine and 70% alcohol. 4 . Re-open the skin with scissors. Remove any remaining sutures from muscle and pull muscle apart with forceps, cutting with scissors if needed. 5. Under a dissecting microscope, create pockets for the spinal cord clamps by cutting the muscle with scissors at the side of the transverse processes on the vertebra one vertebral level above and below the laminectomy. 6. Place clamps around each of these vertebra and tighten. Adjust as needed to allow room for microscope objective to reach the spinal cord.
Make sure that the spinal cord is parallel to the imaging platform, and maintain tissue stability for imaging. If breathing artifact is seen, readjust clamps accordingly to minimize motion in the imaging field. 7. Cover the clamps with parafilm. 8. Remove the absorbable gelatin compressed sponge from the spinal cord with forceps, delicately picking off as many pieces as possible, also removing as much scar tissue from over the meninges as possible. Cover exposed spinal cord with saline and new sponge if needed. NOTE: If any bleeding occurs from the surrounding muscle, either staunch with sponge or cauterize as needed. However, take care not to touch the spinal cord with the cautery. Cover the spinal cord with either a piece of dampened tissue or gelatin compressed sponge when cauterizing. 9. Create a well to hold the immersion fluid by first sealing the skin and tissue with Vetbond, and then using dental acrylic to build up a well between the two clamps of the spinal cord holder and the sides of the animal. Wait until the acrylic cures. 10. Fill the well with artificial cerebral spinal fluid (aCSF) and check again for any bleeding around the surgery site. 11. Optionally at this point, inject fluorescent vessel dyes intravenously by tail vein injection to highlight the blood vessels during imaging.
NOTE: Fluorescent dextran above 70 kDa is often used, although quantum dots and fluorescently labeled lectins also serve as useful vessel dyes. 50 µl of 150,000 WM TRITC-dextran is typically injected intravenously. 12. To obtain physiologically relevant immune cell motility, the temperature of the mouse must be maintained at 37 °C. Move the mouse to a temperature controlled environment under the microscope for imaging and monitor the animal for correct anesthesia level by breath rate and foot pinch. Monitor the animal frequently during imaging to determine depth of anesthesia, aiming to achieve a respiratory rate of 60 -100 breaths per minute. 13. Locate the imaging site through the microscope eyepiece.
14. Adjust the 2-photon laser scanning microscope to take a z-stack image every 30-60 sec to obtain dynamic imaging data. 15. Once imaging session is completed remove the animal from the heated box. 16. Loosen the spinal clamps and remove the mouse from the clamps. Pull the acrylic well away from the skin while removing the clamps. 17. If the mouse is to be imaged again, place saline soaked gelatin compressed sponge over the spinal cord. Close the muscle and skin over the surgery site. Do not leave the animal unattended or in the presence of other animals while recovering from anesthesia. If the animal shows any signs of neurologic deficit after recovery, the animal should be euthanized. Otherwise, euthanize the mouse in a CO 2 chamber before it emerges from anesthesia according to IACUC-approved euthanasia protocol. 18. Analyze fluorescent images using image analysis software by following the manufacturer's instructions.
Representative Results
A schematic diagram depicting the dorsal column crush lesion is shown in Figure 1A . After the lesion, the animal is prepared and stabilized for intravital microscopy using spinal clamps (Figure 1B ). An image taken immediately after the dorsal column crush injury shows a clearly visible rectangular lesion with forceps tine insertion points that are clearly identifiable. Axons at the injury site are severed across the span of the entire dorsal column (Figure 1C) . The integrity of blood vessels remains intact, and no evidence of vessel dye leakage was detected by fluorescence. To perform serial imaging of the same lesion over weeks, the muscles and skin can be sutured over the laminectomy for subsequent re-exposure. Similar lesion morphology is seen at later time points (Figures 1D, E) . 5 days after injury, the forceps insertion sites are still visible but the lesion has begun to increase in size due to secondary injury caused by inflammation. The axons at the caudal end of the lesion have retracted from the initial site of the injury via a process called "axonal dieback". The axons at the rostral end of the lesion exhibited Wallerian-like degeneration (Figure 1D, E) . Between days 5 and 22 after injury, the size of the lesion has stabilized. Concurrently, a large influx of CX3CR1 + cells can be seen infiltrating in and around the crush lesion during these time points, although the identity of these cells (microglia versus macrophages) can not be distinguished in the preparation as shown in Figure 1 .
In order to distinguish the behavior of microglia and macrophages within the crush lesion microenvironment, a radiation chimera model was used (outlined in Figure 2A) . 
Discussion
Imaging interactions of different cell types in their native tissue compartments during ensuing pathology in real-time has generated great interest.
Within the dense network of the CNS, cell-cell contact and signaling with adjacent cells are essential for normal function and for understanding CNS pathology. Here, we described the use of 2-photon laser scanning microscopy for the observation of cellular movement within a mechanical lesion in the spinal cord. In addition to the quality of the surgery and tissue preparation, mechanical stability of the tissue is paramount for successful time-lapse microscopy, particularly the isolation of the spinal cord from breathing motion artifact. Stability can be assessed by looking for movement of the spinal cord under a dissecting microscope that corresponds to the heart rate or breathing of the animal. Stability should be assessed both while performing the surgery and also immediately before beginning imaging. If the animal is not stable, adjustments should be made to the placement and tightness of the spinal cord clamps. Cell-type specific fluorescent reporter mouse models coupled with bone marrow chimera approaches have allowed the identification of monocytic cells versus microglia and axons. Previous studies have revealed that blood derived monocytes and not microglia are responsible for secondary axonal damage after trauma using the methodology described here 43 . Dextran conjugated vessel dye allows for vessel identification both to provide landmarks and to identify breaches in vessel integrity. The selection of the appropriate fluorescent reporter mouse model is critical to allow the proper identification of the desired cell types to be imaged.
Development of fluorescent mouse models that are appropriate for the studies being undertaken is also critical to the success of experiments. Distinguishing between the two phagocytic populations of CX3CR1 +/GFP cells in the CNS has traditionally been difficult. As shown here, a common immunological technique, irradiation chimeras, can be utilized to distinguish radio-resistant, CNS-resident microglia from bone marrowderived macrophages. The irradiation procedure has the potential to damage the blood brain barrier and alter cell phenotypes, so use of this model should be considered carefully. The extent of these changes differs with irradiation dose as well as duration of recovery period, and their impact on different inflammatory models has not been fully studied. The effects of irradiation on CNS blood brain barrier can be minimized by shielding the head during irradiation, and this has been shown to decrease cell infiltration into the spinal cord after irradiation, even if the spinal cord is not directly shielded 52 . Here we have observed that the number of cells infiltrating into the CNS at steady state as a result of chimera generation is insignificant in contrast to the number of cells entering the lesion. Other alternative models to consider include drug-induced chimeras 52 or parabiotic mouse models 53 .
Here, we have presented a specific, simple and reproducible small injury model that results in a lesion to the dorsal white matter of the spinal cord that is easy to image using the 2-photon microscopy. This method also provides a quantifiable lesion to assay the degree of axonal dieback in the dorsal columns that in the literature has been coupled with complementary fixed tissue analysis 16, 18, 43, 48, 54 . In this model, animals display only minimal deficits and require no special care after injury. Future studies utilizing the dorsal column crush injury and imaging techniques described here may be powerful screening tools to assess the efficacy of treatment for spinal cord injury. These treatments may include small molecule inhibitors, drugs, cell products, tissue grafts and combinatorial treatments. The interplay between macrophages, microglia and neurons are also likely to play a role in other disease models in the spinal cord, including multiple sclerosis, tumors, meningitis and amyotrophic lateral sclerosis, and this technique may be useful in the study of these diseases as well.
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